Extraordinary progress has been made over the last two decades in the development and dissemination of new medical imaging technologies. The development of computed tomography, positron emission tomography, and magnetic resonance imaging, as well as major innovations to the conventional imaging modalities, have revolutionized medical diagnostic imaging. Despite their many differences, all of these modalities can be viewed from a cerumen perspective: being described in terms of the underlying physical properties imaged, the type of radiation/ detection system used to produce the images, and the imaging performance that the modality achieves, both in absolute terms and relative to that of a conceptual ideal observer. This is a US government work. There are no restrictions on its use.
M ODERN DAY MEDICAL imaging dates
from the radiograph in Fig 1. That radiograph taken by Roentgen in 1895 shows the skeletal structure of his wife's hand--and her wedding ring. Within a few years the use of x-ray radiography with fluorescent intensifying screens became a standard part of clinical practice. 1' 2 Further advances were made with the gradual development of new x-ray methods, in particular, planar tomography and x-ray-intensified fluoroscopy, and of radionuclide 3 and ultrasound 4 imaging techniques; however, plain film radiography remained by far the dominant imaging modality. A veritable explosion of new medical imaging technologies has occurred over the past two decades, with the invention of computed tomography (CT), 5 positron emission tomography (PET)? magnetic resonance imaging (MRI), 7 and such technological improvements as digital subtraction angiography (DSA).8 Exquisite images, such as the MRI study shown in Fig 2, are the result of this progress, progress that shows every evidence of continuing in new areas, eg, superconducting quantum interference devices (SQUID) for the mapping of the miniscule magnetic fields generated by electrical currents in the human body. 9 In spite of the obvious diversity of the many imaging systems making up the modern diagnostic armamentarium, they also share many common features. Each system images some physical parameter or combination of parameters describing some aspect of human anatomy or physiology. They each use sophisticated detection systems to interrogate a region of interest by means of some form of electromagnetic or acoustic radiation. Furthermore, as imaging systems, they are all noise limited and are therefore amenable to evaluation in terms of the whole framework of performance-evaluation measures developed in statistical detection theory and refined for use in evaluating medical imaging systems. Finally, for ease of analysis, they all may be viewed as consisting of two separate subsystems, one for gathering or detecting information about the patient, and one for displaying or coupling this information to the radiologist.
The concept of being noise limited was developed by Albert Rose in the 1940s for light photon imaging l~ and was later extended by Dainty and Shaw) m2 Rose illustrated this concept with the series of photographs shown in Fig 3. Each photograph in the series was made with about six times more light photons than the preceding one. As the number of photons increases, the noise in the image decreases, and the quality of the image improves, clearly showing the intimate connection among (1) the number of quanta in an image, (2) the level of noise in the image, and (3) the amount of information the image can convey. These observations lead naturally to the quantification of images in terms of the number of quanta they are worth and to the general formalism discussed below that is applicable to all imaging systems. This approach includes the use of signal-to-noise ratios and other descriptors that can be used as measures of efficiency relative to the performance of a perfect or ideal observer/ system, an imaging system that makes the best possible use of all of the information available to it in the interrogating radiation stream when making decisions about the structure of the underlying physical parameters of interest.
A second key concept required for a deeper understanding of medical imaging systems is the dichotomy between detection and display, as indicated in the simple block diagram of Fig 4.13 Medical imaging systems are designed for (1) extracting information from the patient's body and (2) presenting it to a human observer for evaluation. These are very distinct processes, and an acceptable performance for one in no way guarantees that for the other. Much confusion was caused in the past by the failure to make this distinction--an understandable failure for plain film radiography in which the detection and display stages are so intimately related, but an obvious distinction for modern systems in which the computer memory commonly serves as a midway point between them. Fig 5 illustrates this point. Note how the severely underexposed radiograph in 5A appears to be without diagnostic content. However, when it is suitably processed as is shown in 5B, it is discovered to actually containa wealth of information that was previously inaccessible to the unaided human observer, but detected nonetheless. 14 This report will explore further some of these ideas, beginning with a review of the kinds of physical parameters imaged and the forms of radiation and types of detection systems used to image them for various imaging systems. A discussion of the evaluation of imaging system performance will follow. We will not go into any great depth in explaining the physical principles behind the operation of any particular modality or the mathematical formalities supporting performance evaluation methodology, leaving these to the cited sources.
PHYSlCAL PARAMETERS
The wide variety of physical parameters imaged by medical imaging systems is indicated in Table 1 . This great diversity of physical quantities available for imaging allows the patient to be viewed from many different perspectives. Thus, for example, bone--being high in average atomic number (Z) and hence having high electron density--produces a strong signal in x-ray CT, but because it is low in free water and therefore supports relaxation times too short to be easily imaged, it produces only a weak signal in MRI. Similarly, nuclear medicine, using as its signal the radioactivity of chemically bound tracers, can give images as selective to tissue type or functional activity as the designer drugs that radiopharmacists can adapt to this task. For any physical parameter to be a candidate for medical imaging, all that is required is that it measurably vary over the body, and that this variation be of diagnostic relevance. In the language of imaging, its signal must be capable of standing sufficiently above the noise inherent in the imaging process, ie, its signal-to-noise ratio (SNR) must be sufficiently large for some clinically relevant variation in the parameter of interest to be observable. As seen in Table 1 , many parameters have already been determined to be significant in this sense, and certainly many others are being and will continue to be examined in the future.
The actual image source situation is far more complex than is indicated in Table 1 . For exampie, for plain film radiography there are not one but several x-ray-interaction processes of interest. Alvarez ]5 notes that there are "twelve possible types of interaction processes," but that two of these dominate at typical diagnostic x-ray energies: Compton scattering (x-ray/quasi-free electron scattering) and the photoelectric effect (x-ray absorption by a bound-electron atomic state). Because the dependence of these two processes on incident x-ray energy is markedly different, radiographs taken at two different x-ray energies can be used to generate fundamentally different images representing the two processes. Figure 6 shows examples of many tissue types that are separable based on that segregation into photoelectric versus Compton components. 16 Figure 7 shows how this technique is used in practice to give separation between high-Z (bone) and low-Z (soft-tissue) structures. 17 This is particularly useful in chest radiography, as shown, in which there are many overlapping bone and soft-tissue features. In this way, such questions as the degree of tissue calcification may be resolved.
The versatility of nuclear medicine systems is even more pronounced. The parameter of interest is simply the specific activity of an administered radionuclide, and the art lies in somehow tagging a molecule, which will go to the site of interest within the body with an appropriate radionuclide. Very ingenious studies have been carried out based on this simple idea. In a way, music and speech themselves have been imaged in the work of Mazziotta and Phelps 18 (Fig 8) , in which cerebral glucose metabolism was imaged with a PET system while the subject listened to music or a work of literature, respectively. This study is a striking demonstration of the left-side/right-side brain functional dichotomy in operation. Thus, physiological function rather than merely morphology has become the subject of imaging.
Similarly, there are numerous parameters that may be imaged by MRI systems. Density of protons (or other nuclei with nonzero magnetic moment), relaxation times, (T 1--relaxation mediated by the interaction of the nucleus with the entire surrounding lattice structure, and T2--relaxation mediated by the interaction with spins of neighboring nuclei), and chemical shifts (changes in the resonant frequency caused by the influence of variations in the local magnetic environment) are those parameters most commonly enountered at this time. Because physiological processes of ten alter that environment, and MRI contrast agents are specifically designed to do so, MRI will increasingly share with nuclear medicine the ability to perform physiological imaging rather than simply providing the gross anatomical boundaries of organs. 19 Note that there are inherent statistical as well as physical characteristics associated with each of the parameters measured. For nuclear medicine images, these are simply the statistics of the Poisson radioactive decay process. Even for radiographs, on a microscopic scale there are negligible statistical fluctuations associated with the variable number of atoms within any given measurement volume. However, for MRI imaging, this could possibly be a significant effect, at least for MRI microscopy, as outlined in Fig 9. 20 For further reading in these areas, good general texts such as those by Macovski 21 and by Barrett and Swindel122 are suggested in addition to the references already cited.
METHOD OF INTERROGATION
How do we interrogate some portion of patient anatomy to accurately measure a given physical parameter of interest? By using what is probably a quite complicated (and expensive) piece of equipment to (1) subject it to some form of radiation and (2) detect the radiation (re)emitted from, transmitted through, or scattered by it. This section discusses the type of radiation used and the equipment that composes the imaging system. Of course, the physical parameter being imaged and the form of radiation used to image that parameter are very closely related. Typically, the radiation interaction cross sections are the parameters directly measured. However, it is a pedagogically appealing distinction and one that emphasizes other radiation concerns, eg, those of safety. Table 2 gives a sampling of types of radiation and imaging modalities associated with each type. Acoustic radiation and many separate parts of the electromagnetic radiation spectrum are represented, so that it might be assumed that the various systems had little in common. However, two crucial radiation concerns are common to all medical imaging systems: the degree of attenuation of the radiation in the body and the potential for adverse health effects to the patient from the radiation.
All radiation carries energy, and too much energy deposited in the patient is harmful. Thus, through overheating if by no other mechanism, all forms of radiation are potentially dangerous. Of course, most forms of radiation are dangerous at much lower than thermal-heating levels--high energy radiation (x-and 3'-rays) through ionization, and less energetic forms through cavitation (for acoustic radiation) or resonance effects. 23'24 Therefore, historically, for every diagnostic imaging system there has been a concern with producing the best possible image for the least possible radiation dose to the patient, ie, radiation efficiency. This concern, and the time constraints on some modalities, eg, MRI, are the primary reasons for the noise limitations of medical imaging systems. Given enough radiation and/or enough time, noise could be reduced to a negligible level for most modalities. However, system noise, image artifacts, and the very clutter of the images themselves often provide a noise floor or radiation limit beyond which increases in radiation input provide no noticeable benefit in improved image quality. In practice, time and radiation constraints cannot be overcome, and radiation efficiency remains a critical requirement.
The relationship between patient radiation exposure and image quality has provided the inspiration for much of our own work at the Center for Devices and Radiological Health (CDRH). 25 '26 We have been concerned with validating and encouraging efforts to increase the radiation efficiency of imaging systems for many years. In the early 1970s, for example, new phosphors became available from the television industry for possible use in x-ray screens for screen-film radiography. In Fig 10, we illustrate the factor-of-two dose reduction attainable through use of screens constructed with the new phosphors to produce equivalent image quality. How this is accomplished and what we mean by equivalent image quality will be discussed in the following section. Figure 11 illustrates the second point, that the degree of attenuation in the body is of critical importance. 3 If the radiation attenuation is too great, patient exposure will reach intolerable levels before enough radiation manages to escape from the patient to allow sufficiently precise measurements by the detectors. On the other hand, if the attenuation is very small, once again too great a level of radiation may be required, in this case because the contrast (the difference in the data for regions that differ in the parameter of interest) will otherwise be too small to give a useful image. Figure 11 describes the case of the electromagnetic spectrum; however, a similar condition holds for the acoustic frequency spectrum, with attenuation increasing dramatically at higher frequencies. 4 Note that the two regions with suitable intermediate attenuation correspond to the x-ray spectrum of diagnostic radiology and the radio frequency region used by MRI and some prototype microwave imaging systems. 2v
Another concern relative to the interrogating radiation is the resolution constraint that may be imposed by the wavelength of the radiation. For example, one of the difficulties faced by microwave imaging is that the relatively long wavelengths that it uses preclude obtaining the degree of resolution of competing imaging modalities. Fortunately, this limitation does not apply to modalities such as MRI, in which localization is achieved by other means.
Finally, there are obvious technical considerations affecting the use of any form of radiation. In particular, the state of the art in radiation detectors has played a key role in the feasibility of many imaging modalities. This is true not only for the reliability and quality of such detectors but for their size as well, which is directly related to the resolution capabilities of the systems. In general, detection systems for very low-energy (radio frequency) and very high-energy (particle) radiation are especially demanding techno- logically; eg, high-energy ~ rays are difficult to tocalize accurately.
This leads directly to consideration of the overall imaging system or imaging chain for a particular modality. As an example, Table 3 lists the major components of the imaging chain for the case of plain film radiography, but a similar schematization could be given for any imaging system. The elements of a system can generally be divided into those that occur before or those that occur after radiation is introduced into the body, ie, those elements either on the source side or the detector side of the patient. For the x-ray case, the source side contains the x-ray generator/ tube itself and the various filters and apertures used to control the incident radiation (energy spectrum and direction/location of incidence). The detector side contains the means to discriminate against unwanted scattered radiation (grid) and the actual radiation detector/recording device. The imaging chains for the various imaging systems are composed of similar kinds of components, each with its own function and limitations and its own potential for degrading system performance.
In our laboratory, we have examined the components of the x-ray imaging chain in considerable detail. We have verified and encouraged implementation of improvements in dose efficiency through system optimization that could lead to a degree of dose reduction of four or greater for some common procedures. 28'29 Another example of the kind of imaging system dose inefficiency that has concerned us is given in Fig  1 2 . The width of the dose profile for a CT scan from one particular system is shown to be considerably greater than that of the imaged volume, resulting in wasted radiation which represents a very sizeable portion of the radiation exposure to the patient. 3o
One additional facilitating factor vital to the success of modern medical imaging systems should not pass unnoticed--the computer. Without the computational power provided by the modern computer, none of the imaging systems developed over the last two decades would have 
PERFORMANCE EVALUATION
This report has described how any imaging system may be characterized by the physical parameter(s) it images and the technical means ir uses to form these images. It is also characterized by its imaging performance--how good a job does it do? This question may be answered in two ways: (1) by a quantitative description of the images themselves, and (2) as an efficiency in comparison with the performance of an "ideal" imaging system, ie, one with access to the same stream of information, carried by emitted or transmitted radiation, but with perfect collimators, detectors, and other system components. 12'2~ These approaches will be reviewed, primarily for the detection stage of the system, but with a brief discussion of the display stage as well.
Detection Stage
The resolution and noise properties of an image are the two major concerns at the detection stage of an imaging system, as distinct from such display-stage parameters as contrast scale and windowing. In any practical imaging system the images of (sufficiently) small objects appear smeared out or blurry to some extent, or to use mathematical terminology, the values of neighboring picture elements are correlated. Similarly, for noise-limited systems, images of even a completely homogeneous object have a blotchy or grainy appearance. Degraded resolution and system noise are the twin resident demons of all medical imaging systems. They arise naturally from the finite apertures and limited radiation exposures of real systems, and their quantification is the primary task of image assessment. Further defects, such as image nonuniformity and other image artifacts, may be very important; however, they tend to be more directly dependent on the type of imaging modality, and will not be discussed further here.l 3
Two simple measures of resolution and noise come readily to mind. For resolution, the image of a "point" source, le, a source small in comparison with the apertures of the system, referred to as the point spread function (psf), is the obvious choice. 33 Its full width at half maximum (FWHM) frequently has been used to characterize system resolution. This is a great oversimplification, especially when the tails of the distribution are significant; however, it provides a single parameter for rough comparisons among similar systems. For noise, the corresponding single parameter is the standard deviation. The standard deviation (or its square, the variante, a 2) is calculated from ah image of a homogeneous source and for a given picture element (pixel) or measuring aperture size. This is unfortunately even less satisfactory for noise than FWHM is for resolution, because the correlation of neighboring pixels mixes together the noise and resolution properties, making ,~2 dependent on aperture size. It is useful, however, as a quality-control check on the variation over time of any particular imaging system. Moreover, it can be extended to be a more complete descriptor, the autocorrelation (C(Ax)) of the noise:
where Al is the noisy image signal (I) minus the mean signal ((I)), and the underline indicates a vector quantity, eg, x = (x,y) for the twodimensional image case. Note that C(A_.zx) reduces to a 2 when AX = 0.
To obtain measures with greater theoretical significance and ease of interpretation, we must find a set of coordinates where values in adjoining locations or channels are uncorrelated, unlike pixels in the image signal. At least for lowcontrast signals (small relative signal differences) this is accomplished for many types of imaging systems by going from image space (x, y) to spatial frequency coordinates (f~, fy), using the Fourier transformation: I(f) = f I(x)[cos (2~rf.x) + i 9 sin (2~rf.x)] dx where I(.) is the image in the respective space. The meaning of this operation is illustrated in Fig  13, where the real (cosine) part is shown for a given angular frequency w = 2 7ti_li and direction 0 = arctangent (fy/f0. 34 The real part of I(~o, 0) is obtained by "beating" the cosine wave of frequency w and direction 0 against I(x).
In this new spatial-frequency coordinate sys- tem our measures of resolution and noise are simply the Fourier transforms of the psf and noise autocorrelation functions, and are referred to as the modulation transfer function (MTF) and noise-power spectrum (NPS), respectively. Figures 14 and 15 show examples of MTF and NPS curves from interlaboratory comparisons on screen-film radiography systems. 3537 Over the last 15 years these measurements have become standardized, and major medical equipment and medical-film manufacturing companies have begun making them on their systems and releasing them to their customers. They are useful because they indicate the level of resolution and noise expected in a system for finer and finer signal structure (higher and higher spatial frequency). For example, note that for the par-speed/XRP screen-film system, structure on the scale of 1 mm (spatial frequency 1 cycle per millimeter [mm-l]) is transmitted through the system at about tire times the amplitude of 1/5-mm (5 cycles per millimeter) structure and more than 10 times that of l/10-mm structure.
Why bother with this kind of complication when describing noise? Figure 16 provides an example of why this approach is necessary when considering noise propertiesfl Both images in Fig 16 have the same total noise variance; how- SPATIAL FREQUENCY (Cu ever, in part A the frequency spectrum of the noise power (NPS) adjoins that of the signal power, whereas in part B the NPS is shifted to higher frequencies. This shows that noise interferes with the interpretation of an image most when the noise and signal spectra are similar and that it interferes less otherwise. The spatial frequency distribution of the noise is important, not just the quantity of noise.
Note the immediate utility of MTF and NPS in comparing similar types of imaging systems. For example, in support of the claim of Fig 10 for a true factor-of-two gain in dose efficiency for the new phosphor screens, we carried out MTF and NPS measurements on both systems to show the equivalence of their heretofore subjective "image quality."
The MTF and NPS are quantitative measures of system output; however, they don't directly indicate the efficiency of a system or how well the system will perform on a given imaging task. For this we need to consider how much information the system provides to an observer to allow that observer to carry out a particular imaging task, and how much its counterpart, the ideally configured system, would similarly provide.
Our observer is the ideal Bayesian observer who operates within a maximum likelihood formalism to make decisions on, for example, whether or not the shadow of a lesion is present in a particular radiographfl "42 Given two hypotheses a and b, the ideal observer uses all available information to form the conditional probabilities p(xl a) and p(xlb) fora data set x and then uses the likelihood ratio L = p(xla)/p(xlb) (or any monotonic function of L) as its decision variable in deciding which hypothesis the data supports. L is essentially the "betting odds" for a versus b based on the results of the measurements x.
Intuitively, the form of the resulting decision variable seems appealing. The ideal observer weights most heavily the data for which the signal is largest and the noise is smallest. For the simple case of detection of a signal with independent, equal-variance Gaussian noise channels, this becomes template matching, with the ideal observer using asa template the shape of the signal (or matched filtering with the signal spectrum asa "filter" in the spatial frequency domain). The ideal observer is said to operate with a prewhitening matched filter because it accurately accounts for any spatial correlations in the noise, or lack of whiteness or uniformity of the noise power spectrum in the frequency domain. Sometimes a second, quasi-ideal observer is also of use, because it more closely follows the performance of a human observer. This is an observer that cannot take into account the correlations in the noise, but instead treats the data as if the noise were always white.
These ideas lead naturally to another important construct, that of the SNR. As already noted, it is intuitively appealing that increased signal strength should enhance performance on an imaging task and that increased noise should detract from it. Therefore, it is natural to use an SNR as a figure of merit for imaging performance. When it is also found that the performance of the ideal observer for simple imaging tasks is given in terms of an SNR, this inclination receives a solid scientific foundation. In what follows, some of the ramifications of these ideas will be explored, and SNRs for a number of imaging modalities wilt be presented. Usually squared SNRs will be given because from information theoretic considerations, ir is actualty the square of the SNR that is the fundamental figure of merit for imaging performance. 2o
Calculations of the SNR for a simple imaging task is illustrated in of an area of increased activity (lesion) in a plane projection nuclear-medicine image. If the differente in detected activity between the lesion and the background is An counts/cm 2, and the mean detected activity at the detector is n counts/cm 2, and the lesion has a projected area on the detector of A cm 2, then the difference signal at the detector is AnA. Because this is specified to be a nuclear medicine system, we assume Poisson statistics for the random and independent arrival of photons at the detector, with the variance of any measurement equal to the number of photons detected, ~2 = nA (where we assume n ~-n + An; low-contrast case). Therefore we have the following result for the square of the SNR:
where C is the detected contrast An/n and N = nA is the total number of counts received in the lesion shadow. For reliable signal detection, SNR 2 = C2N must be on the order of unity (from one to five), lo Thus, in x-ray imaging, in which typically 104 counts/mm 2 are detected, a contrast of .01 or 1% can be detected for a 1-mm 2 lesion in the absence of scattered radiation. Similarly, in nuclear medicine for which about 103 counts/cm 2 are detected, a contrast of a few percent can be detected for a 1-cm 2 lesion. Reconstruction imaging modalities, such as computed tomography, require a more careful analysis which will be touched on briefly below, because the noise in the reconstructed image is not white but is correlated by the reconstruction process.
Note how well this agrees with our earlier desire to assess each of the images of Fig 3 as worth a certain number of photons. The above equation for (SNR) 2 allows this idea to be quantified. The (SNR) 2 for detection of any given feature of the scene, such as the flower, is proportional to the square of the inherent image contrast and to the number of photons detected from that feature. Thus, if we measure SNR in the image (or, more properly, an ensemble of images) for an object of known contrast, we can calculate the number of photons that should have been required to produce the image. We refer to this as the noise equivalent quanta or NEQ. Further, if we know the actual number of photons (Q) available to the system, we can normalize NEQ to an efficiency called the detective quantum efficiency, DQE = NEQ/Q. This idea also helps to explain why the new phosphor screens mentioned earlier were able to reduce radiation exposure to the patient. In the above equation, C has not changed, but by cutting the exposure in hall one would expect N to also have been cut in half with a similar decrease in performance. Figure 18 indicates how this effect is counterbalanced by a factor-oftwo greater stopping power of the new screens. 28 Previously a high percentage of the x-rays incident on the screens was not absorbed: "wasted" x-rays contributed to patient dose but not to production of the radiograph. By increasing the efficiency of the screen, a lower exposure can now produce the same photon count at the detector and hence the same quality image.
These concepts can be extended to other imaging modalities, although, of course, the appropriate statistics and other details of the calculations are specific to the modality. In addition, they can be made more complete, justas was the case for resolution and noise measures, by calculating them as a function of spatial frequency rather than giving a single value. For example, NEQ can be shown to assume the following form: and for (SNR) 2 we have:
An example of NEQ(f) is given in Fig 19, which shows NEQ(f) for two CT systems. 43 Using this approach, we were able to show that even these early CT systems were reasonably efficient, and that proposed order-of-magnitude gains in dose efficiency from special processing algorithms were a fiction. 13 Wagner and Brown 2o give SNRs for many different imaging systems. The calculations for the more complicated system geometries are too complex to reproduce fully here; however, we will briefly discuss the approach for reconstruction from projections, as in CT and PET. 44 The geometry for PET imaging is indicated in tion ramp filter, ie, multiplied by two powers of f, because the noise is second order in the data, the familiar result of NPS being proportional to f emerges.) The same transformation is performed for the signal, and one obtains (SNR) 2 asa function of spatial frequency. This is then integrated over frequency channels, yielding for the case of detection of a Gaussian lesion:
where a is the effective area of the lesion, mis the number of views used in making the reconstruction, D is the overall diameter of the cross section of patient anatomy, pis the mean count density per unit area, and C = Ap/p.
This expression is of intrinsic interest for its description of the dependence of (SNR) 2 on the variables on the right side of the equation. It is also valuable in allowing for comparisons with other imaging modalities. It may be compared with the result for exact time-of-flight PET (TOFPET), for example, where the position of the radioactive decay is known exactly and for which (SNR)2oFPEr = C2(a/2)2(pm/a).
(Note that this is simply C2N because ap is the number of counts per view and mis the number of views. The extra factor of two enters because we are using a Gaussian and nota disk shaped lesion. The more complicated expression for PET resulted from the reconstruction process.) Therefore, we have for their ratio,
Thus, in PET imaging, failure to know the exact 
Display Stage
The final mission of any imaging modality is to efficiently couple the information obtained by its detection stage to the eye-brain system of a human observer. To accomplish this goal requires both due regard to the ergonomics common to all machine/human interactions and attention to the special psychophysical aspects of the humanas image interpreter. As the data available for display from modern systems has increased, the job of effectively presenting it has become more and more complex, and many new and innovative display technologies have been developed. 31
Whatever method of display is used for a system, the performance of real observers on that system is amenable to the same quantitative assessment as for the system's detection stage. 4548 In this case, the real observer's performance is assessed on the same scale as that of an ideal observer--one that makes perfect use of all of the information presented to it by the detection stage of the system. A comparison of the two then shows the efficiency of real observers on the system and the degree to which their performance could possibly be improved.
One method of measuring human-observer performance is by generating the so-called "contrast-detail" diagram, in which the contrast required to detect a disklike lesion with some specified confidence or threshold is presented as a function of the lesion diameter. 49 It is unlikely that human observers can maintain a specified confidence level, and the results are sensitive to this. 49 There has been a trend toward implementing this scheme using a machine observer, particularly for evaluating image-reconstruction techniques. 5o
The problem of the observer's threshold is finessed by two techniques that have greatly matured in the last decade. The first is the two-alternative forced-choice (2AFC) experiment, in which the observer specifies which of two test images is the one containing a lesion, and the percentage of correct responses is recorded as a function of some imaging parameter such as signal size, contrast, or noise. The second technique is the method of mapping out the receiver operating characteristic (ROC) curve, a plot of true positive fraction (hits) versus false positive fraction (false alarms) as a function of the strictness or laxity of the observer in calling a lesion present. 51 The ROC curve is usually generated in a single pass by having the observer specify the confidence in the call. The ROC results are related to the 2AFC results by the area under the ROC curve. This measure is equal to both the average hit rate, averaged over all false-positive rates, and the percent correct score in a 2AFC experiment, using the same test images when the test comprises equal numbers of positives and negatives.
It has been found, using 2AFC experiments, that real observer performance can come very close to ideal observer performance, except in the cases of unprocessed (eg, unwindowed) lowcontrast images and images obtained through projection-reconstruction methods, for which there is a small but significant discrepancy. 2~ Equivalently, given sufficient image contrast, the real observer performance approaches that of the previously defined quasi-ideal observer, which ignores noise correlations.
Results for a typical observer performance experiment are shown in Fig 22, 
CONCLUSION
The menu of medical diagnostic imaging systems offers great variety, from the staple fare of plain film radiography to exotic innovations such as SQUID. However, all of these systems share common ingredients. Each investigates some physical characteristic or parameter of the patient's condition, and that parameter is described by its own unique physical and statistical attributes. Each system makes use of one or more forms of radiation and a more-or-less complicated chain of system components to interrogate the patient's body and to detect information about the parameter of interest. Each system is designed to present the detected information to a human observer for final analysis. Finally, all of the systems are amenable to evaluation of their performance in terms of the general approach outlined here.
